The growth of corn (Zea mays) (5, 8, 15), coleoptiles (3, 8, 20), and germinating pollen (19). Toxicity has also been observed with animal tissues and may therefore have a similar basis (17, 31) .
The metabolism of radioactive GIcN in plants, as in animals, leads to the accumulation of labeled GIcNAc, GlcNAc-phosphates, and UDP-GIcNAc, plus products of high molecular weight which are probably glycoproteins (21) . Galactose metabolism probably proceeds via phosphorylation and nucleotidyl transfer to yield Gal-i-P and UDP-Gal, respectively (10, 11) . There is also extensive incorporation of Gal into cell wall polysaccharide (24) . In the experiments reported here, both monosaccharides have been fed to growing tissues at concentrations that ranged from the highly toxic to the noninhibitory in an attempt to determine the pool si-Les of the major groups of compounds that accumulated with the onset of growth inhibition. It is assumed that one or more of these metabolites is inherently toxic or interferes with normal metabolism in some way.
MATERIALS AND METHODS
Chemical Materials. D-Glucosamine-1-'4C (specific radioactivity 53 ,uc/,umole) and D-galactose-1_l4C (specific radioactivity 3.4 gc,u/,mole) were obtained from the Radiochemical Centre, Amersham, England. Unlabeled sugar phosphates, nucleosides, nucleotides, alkaline phosphatase (Escherichia coli), phosphodiesterase, and UDP-glucose dehydrogenase were purchased from Sigma Chemical Company. DEAE-Sephadex for column chromatography was purchased from Pharmacia and was prepared in the bicarbonate form according to the manufacturer's recommendations.
Plant Materials. The corn (Zea mays, variety Golden Bantam) used in this study was purchased from Burpee Co., Sanford, Florida, and the barley grain (Hordeum vulgarc, variety Larker) from Anheuser-Busch, St. Louis. Grain was sterilized with 1.25%6C (w/v) sodium hypochlorite solution for 15 min, transferred under sterile conditions to 0.5 % (w/v) agar, and grown in darkness at 25 C for 3 days.
Growth Experiments. Coleoptile segments were surface dried with filter paper, then weighed to the nearest milligram in lots of 15 to 60 depending upon the experiment. Tissues were then transferred to small flasks (10 or 25 ml) containing 20 mM potassium phosphate buffer, pH 5.8; IAA (0.1 mM); and various concentrations of the test sugar. Flasks were sealed with rubber serunm stoppers. The tissues were incubated at 30 C with continuous gentle shaking for a specific time, usually 6 hr.
Roots from intact corn seedling were marked 1 cm from the tip with India ink and then grown in aerated solutions at various concentrations of monosaccharides for a 24-hr period. Excised roots (1 cm) were used in metabolic studies because it was advantageous to use a closed system in which CO2 could be easily trapped and small volumes of solution employed. Control experiments have shown that the products of glucosamine metabolism were identical for both intact and excised tissues.
Measurement of Growth. After incubation, coleoptiles were blotted dry and individual lengths measured to the nearest 0.5 mm, using a binocular dissecting microscope. Each batch was also weighed after the incubation to determine the increase in fresh weight. The growth of whole corn roots was determined by measuring the distance from the ink mark to the tip.
Isotope Incorporation Experiments. In the experiments with labeled compounds, radioactive monosaccharide was provided to each flask, and unlabeled carrier was added to increase the concentration of monosaccharide in the medium to the desired level. Aliquots of solution were removed at hourly intervals to determine the uptake. Each sample was diluted to 1 ml with water and counted in 10 ml of toluene-Triton X100 scintillant (2:1 v/v) (30) . The toluene contained 0.4% (wjxv) PPO and 0.01 %, POPOP. All measurements were carried out using a Packard automatic liquid scintillation spectrometer. Counting efficiency was about 78%c-but was checked routinely either by the channels ratio method or by including internal standards of toluene-'4C in selected vials.
In the experiments with Gal-14C, the flasks were equipped with small cups containing 3 drops of 2 N NaOH to trap respiratory CO2. At intervals, the NaOH was removed from the cups and diluted to 10 ml with water, and 1-mi samples were counted as above.
After incubation, the coleoptiles or roots were washed several times with water and then killed by treatment with boiling ethanol (80%C, v/v) for 0.5 min. Tissues were ground using a motor-driven glass homogenizer. After 
RESULTS
Growth of Roots. The growth of corn roots was strongly inhibited by GlcN and Gal (Fig. 1A) . Elongation was almost completely suppressed by concentrations of monosaccharide as low as 5 rmM, and inhibition was evident even at 0.5 mm. The inhibited roots were slightly swollen in the region where growth normally occurs (3) (4) (5) (6) (7) The effects of GlcN and Gal were investigated under conditions at which the hormone stimulated coleoptile growth to a maximum. GIcN below 1 mm caused no significant inhibition of elongation or of increase in fresh weight (Fig. 1B) . At the highest concentration tested (0.1 M) the amino sugar was clearly toxic, as the tissues failed to grow and some browning was observed. Gal was similar in its effects to GlcN, but, again, relatively high con- Metabolism of GlcN by Corn Roots. Because the growth inhibition observed with both monosaccharides is assumed to be caused either directly or indirectly by the formation or accumulation of some product(s) of their metabolism, the radioactive monosaccharides were provided to the tissues at concentrations which ranged from the nearly toxic to the noninhibitory. After a period of metabolism which, in the experiments reported here, was either 3 or 6 hr the tissues were killed, and the ethanol-soluble products were analyzed in detail. The disappearance of the labeled compound from the medium was also determined at hourly intervals throughout the incubation to ensure that uptake was a continuous process.
GIcN was readily taken up by the roots and even at the highest concentration continued to be accumulated throughout the 6-hr incubation. Only small quantities of labeled CO2 were evolved, and in no case did this radioactivity trapped in KOH amount to more than 0.3 % of the 'IC taken up. Therefore, even though the sample of GlcN-1-14C used in these experiments was more than 98%, radiochemically pure, it is conceivable that this 14CO2 originated, not from the GlcN supplied, but from small quantities of impurity present (Table 1) .
After extraction of the tissues with ethanol, some radioactivity was found to be associated with the insoluble residue. This radioactive material is known to be of high molecular weight and is readily solubilized by treatment with alkali or proteases (21) . At with 125 ,uc of D-GIcN-1-'4C (53 ptc/j,gmole) in 5 ml of H20 for 6 hr. At the end of this time, 85 of the '4C had been accumulated by the tissues. They were ground in hot 80% ethanol, and the soluble extract was dried and redissolved in 5 ml of 10 mm NH4HCO3. This solution was loaded onto a column of DEAE-Sephadex pre-equilibrated with buffer, and the uncharged materials were washed through with 50 ml of bicarbonate solution (Fig. 3) At the higher concentrations, over 90%c/o of the radioactivity incorporated into the tissues was recovered in the 80% ethanol extracts (Table III) . The remainder was present in insoluble compounds of high molecular weight. As the GkcN concentration was reduced, a greater percentage of the "4C taken up was converted to ethanol-insoluble material. Hydrolysis of this material released GlcN-14C. (11) 23 (10) 10 (4) 42 (18) 0.07 9.0 18 28 (5) 20 (4) 14 (3) 38 (7) 1 Figures in parentheses refer to the calculated amounts (in nmoles) of the various metabolites recovered from the coleoptiles. Figures in parentheses refer to the calculated amounts (in nmoles) of the various metabolites recovered from the roots.
When material soluble in ethanol was chromatographed in solvents A and B, only four radioactive regions were detected by x-ray film. These corresponded with UDP-GIcNAc, GIcNAcphosphate, GlcN, and GlcNAc. The pool size of each of these metabolites increased markedly in the tissues as the GlcN concentration was increased (Table IV) . The unknowns (I and III) found in corn roots were not detected in the coleoptiles.
Metabolism of Gal by Corn Roots. When Gal was fed to corn roots, a considerable proportion of the 14C taken up was recovered in material insoluble in 80'( ethanol (Table V) . Most of this radioactivity could be released by hydrolysis with 2 N HCl.
The rest was associated with acid-resistant a-cellulose. Analysis of the hydrolysate revealed the presence of only two major radioactive compounds, which were identified as D-galactose-14C and D-glucose-14C, respectively. The former accounted for more than 80%,1 of the radioactivity in each of the hydrolysates as determined by paper chromatography followed by radiochromatogram scanning. In contrast to the experiments with GIcN-'4C, considerable amounts of radioactive CO2 were evolved at the expense of the Gal supplied, and up to 4.4% of the 14C taken up by the roots was recovered in the alkali traps. This is consistent with earlier work (11), although we found little evidence for extensive diversion of label into other sugars or into pathways of intermediary metabolism.
After the ethanol-soluble fraction from roots fed Gal-54C had been chromatographed in either solvent A or B, three main radioactive regions were detected (Fig. 2B) . At all four external concentrations of Gal tested, these compounds accounted for more than 90%r7 of the 14C along the solvent track. Each of the compounds appeared chromatographically homogeneous when eluted from the papers, concentrated at low temperature, and rerun in solvent B.
Compound III was identified as D-galactose by paper chroma- 10 min, 100 C) completely hydrolyzed compound I, releasing Gal-'4C. Glucose accounted for less than 5 % of the 14C recovered after this hydrolysis procedure at all four external concentrations of D-Gal employed. This indicates that the amount of UDP-glucose-'4C formed at the expense of the Gal supplied was very small and that there was no ready equilibration in vivo between the two nucleoside diphosphate sugars.
As with the experiments with GlcN, there was a marked increase in the total amounts of nucleoside diphosphate sugar and sugar phosphate which accumulated in the tissues as the external levels of Gal were raised from 0.1 mm to 1 mm, a range of concentration which coincides with the onset of inhibition (Table  VI) . One interesting feature of the results, however, is that the pool of UDP-Gal declined when the concentrations were increased beyond 1 mm, even though Gal-1-P, its precursor, continued to accumulate in progressively larger amounts.
In a separate experiment from those described in Tables V and INHIBITION BY MIetabolism of Gal. Gal-i-P and galactitol accumulate in the tissues of human subjects with galactosemia or in animals maintained experimentally on a diet high in Gal (17, 25). Gal-i-P is usually considered to be the main toxic product, largely because it is known to inhibit phosphoglucomutase and therefore likely to interfere with hexose metabolism. Galactitol does not accumulate in the plant tissues tested and so cannot be responsible for the growth inhibition observed. The two main metabolites which are detected in any quantity are UDP-Gal and Gal-i-P. The concentration of the former in roots fed 0.1 mm Gal, when growth inhibition just begins to become apparent, was around 125 nmoles/g fresh weight of tissue. This is much higher than the amount recovered, for example, from untreated mung bean seedlings by Ginsburg et al. ( 14 nmoles/g) (7). In addition, the UDP-Gal isolated from roots in our experiments was of similar specific radioactivity to the Gal supplied, indicating that there was little dilution by endogenous precursors and that the pool size of this compound was therefore abnormally high.
Nevertheless, of the two main metabolites, Gal-i-P showed the most spectacular increases as the external sugar concentration was raised to levels that completely inhibited growth. Goring and Reckin have also detected Gal-i-P in tissues fed toxic levels of Gal and suggested that it interferes competitively with the formation of D-glucose 1-phosphate (8) .
Metabolism of Glucosamine. GlcN is metabolized in much the same way in corn roots and barley coleoptiles as in animals, and a similar accumulation of GlcNAc, GlcNAc-P, and UDPGlcNAc has been noted in liver supplied with high concentrations of GlcN (12, 18) . It is known that UDP-GlcNAc can regulate its own synthesis from fructose 6-phosphate by specifically inhibiting the enzyme L-glutamine-D-fructose 6-phosphate amidotransferase (12, 16) . Supplying GlcN, therefore, by-passes this step so that the amino sugar nucleotide and the other metabolites preceding it in the pathway continue to accumulate in an uncontrolled fashion, even though their normal in vivo synthesis from hexose is blocked. Corn roots, however, accumulate little GlcN-6-P at low external concentration of GlcN (21 
